The paper presents results of the Life Cycle Cost (LCC) analysis carried out for several variants of rainfall water management in a newly designed multi-family dwelling house. According to the LCC methodology, calculations were performed for the whole undertaking life cycle with both investment outlays and operation/maintenance costs taken into account. The LCC analysis was carried out, in particular, for a variant assuming that the rainwater collected from the roof will be entirely discharged to the sewage system. On the other hand, the second variant provided for replacement of traditional building roof with a green one. Facilities of that type, thanks to their retention properties, may delay runoff of rainwater and reduce the overall quantity of water discharged from roof surface and therefore can be classified as Sustainable Urban Drainage Systems. In the third case considered, rainwater is to be utilised in the building. It was assumed that precipitation water will be stored in a tank and used in the sanitary water supply system for flushing toilets, thus reducing the overall tap water purchase costs.
Introduction
Rainwater represents a component of resources that in the whole of natural circulation of water in the nature ensures renewability of surface and underground waters. For that reason, precipitation waters should be protected from degradation and properly managed, especially in highly urbanized areas where, as a result of continuous increase of surface sealing, substantial majority of rainwater is discharged idly to receiving waters via sewage systems.
A traditional precipitation water management model used commonly in the past consisted in possibly fast and effective interception of the runoff and channeling it to the receiving water. Such model can result in occurrence of many disadvantageous effects in the natural environment such as: lowering the groundwater table; soil over-desiccation; intensification of flood phenomena in watercourses; pollution of and morphological changes in rivers; and disturbances in water ecosystems. Moreover, during intensive precipitation periods, excessive inflows of stormwater to sewage systems can cause hydraulic overloading, resulting frequently in inundation of land and buildings and impediments in public transport.
To stop and prevent these negative changes in the environment, a change in attitude and proper approach is required to the precipitation water management through basing the related activities on sustainable rainwater management policies.
The EU Water Framework Directive provided obligation to manage precipitation waters in line with the sustainable development philosophy [1] . According to provisions of the act, rainwater should be retained, either fully or in a part, at location where the precipitation occurred through the use of natural surface and underground retention processes and water infiltration into the ground. Poland has its own regulatory act entitled 'Water Law' [2] according to which water resources must be dealt with in a well-balanced and comprehensive manner with water quantity and quality taken into account in a way protecting water ecosystems from deterioration, which cannot be achieved without sustainable precipitation water management.
This paper presents an analysis of three selected rainwater management variants for a multi-family dwelling house located in Rzeszow (Poland). From the point of view of the building's user, costs are considered as the most important factors when decisions on selection of the rainwater management method are to be taken. As the subject of the study is a newly erected building, the Life Cycle Cost (LCC) methodology has been adopted as a financial analysis tool.
The analysis was carried out for the following variants of the precipitation water management method to be adopted in the building:
• disposal of precipitation water from the building roof to sewage system -Variant I;
• retention of precipitation water on the building's green roof -Variant II;
• utilization of precipitation water for flushing toilets in the building -Variant III.
A review of studies on rainwater management methods
Implementation of a sustainable water discharging system involves usually construction of devices and facilities for retention and infiltration of rainwater into the ground. Typically used solutions include: water dispersing boxes and chambers; sink basins, ditches and wells; and reservoirs. However, the use of facilities of that type in urban conditions is restricted for many reasons related mainly to shortage of free space required for construction of these structures. A solution to the problem can be systems for harvesting and commercial utilization of rainwater as well as the so-called green roofs. For that reason, the analysis was carried out for the three above-mentioned precipitation water management variants and a review of research results obtained in this area was performed.
In the case of the traditional precipitation water management model, building owners in many countries of the world are obliged to pay tariff charges for disposal of rainwater to local sewage systems. Typically, tariff rates include costs of operation and maintenance of the sewerage network and water treatment plants and costs related to development and modernization of these facilities.
In many North American cities, fees for precipitation water are charged for more than 20 years now. Tariff charges are calculated based on a determined equivalent unit called Equivalent Stormwater Unit, Equivalent Runoff Unit, or Equivalent Residential Unit, depending on the state [3] [4] [5] [6] [7] [8] [9] . However, regardless of name of the conversion unit, the concept behind the charging system is the same in each state. It refers to an averaged value calculated based on the impervious surface area measured on selected land plots. In the City of Pittsburgh, for example, property owners were charged 3.56 $ per month and Equivalent Residential Unit (1 ERU = 3.106 sq.ft.) [7] . On the other hand, stormwater fee depends on the land development type. Owners of residential buildings pay their stormwater fee calculated based on the impervious surface on the parcel that in the year 2011 amounted to 25-70 $ per annum. For multi-family dwelling houses, industrial facilities and public buildings, the annual fee per Equivalent Residential Unit (1 ERU = 1.425 sq.ft.) amounts to 45 $ [9] . Also in the City of Nashville, fee rates for discharging precipitation water are different for residential and non-residential areas. The fee is based on the impervious surface area and ranges from 1.5-4.5 $ for dwelling houses to 10-400 $ for other structures per sq.ft. and month [8] .
Also in European countries, stormwater utility fees are charged for many years now. In most of Germany's Lands, the fees are calculated based on the impervious surface area. Each year, the fee rate is determined in euros per square meter of the so-called reduced catchment area (verified sealed surface area multiplied by the runoff coefficient determined by the local sewage system manager). . On the other hand, tabular stepwise fee is charged as a sum of a basic fee and an additional fee for each subsequent area of impervious surface or part thereof. For example, in the town of Kiel, the fee amounts to 33 € for the first 60 m 2 and then 11 € for each subsequent 20 m 2 or part thereof [12] .
In Denmark, the stormwater fee is a 40% component of the total cost incurred by citizens in the framework of the so-called drainage fees [13] .
In Poland, the issue of precipitation water fees is still new and hardly known beyond the circle of water and wastewater specialists, yet arousing controversies and objections among the general public. To date, only a dozen or so towns have decided to charge the fees, including Pila, Gniezno, Ostrow Wielkopolski, Kluczbork, Opole, Nysa, Siedlce, Kielce, and Tarnow.
In the developed countries, a long-standing practice results in awareness and acceptance of the fees charged for maintenance of drainage systems in highly urbanized areas. To a large extent, this is an effect of well-managed information campaigns and implementation of a system of discounts for residents owing local rainwater management facilities. For instance, in German cities of Cologne and Mannheim owners of buildings with green roofs are charged only a half of regular fee for discharging stormwater to sewage systems [14] .
Green roofs, for their retention properties, are classified as the so-called Sustainable Urban Drainage Systems. Utilization of such structures allowing to reduce energy and water consumption is recommended by the European Union [15] .
Discussions on profitability of green roofs are held for many years. Lee has analyzed the life cycle costs for a building in the state of Oregon provided with a traditional roof or with an extensive green roof. In the analyses, he assumed that the structure's life will be 60 years. Results obtained by the author indicate that a traditional roof is by 7% less expensive in the analyzed period [16] . In turn, Carter and Keeler have carried out a life cycle cost analysis for a green roof constructed in 2002 at a university campus in the state of Georgia. The authors compared results of the analysis for the assumed structure's operation period of 40 years with costs corresponding to traditional roofing. The Net Present Value (NPV) for the green roof in question was by 10÷14% higher that NPV of a conventional roof [17] . However, studies taking into account primarily the costs resulting from environmental benefits of green roofs, confirmed purposiveness of their use [18, 19] .
Numerous research projects prove that green roofs can delay the runoff from roof surfaces and reduce its total volume. In view of the fact that the rainwater outflow rate is affected by many factors related to local climate, precipitation profile, and the structure of the roof itself, results of various studies differ from each other in many cases. This is the case especially when the roof retentiveness is determined; its value, according to Getter et al, can be as high as 80.8% [20] , compared with 45% obtained by DeNardo et al for the same roof [21] . In research work on this subject it is essential that such circumstances will be taken into account as facility location and the related precipitation profile typical for the area, especially precipitation total distribution in time, frequency of occurrence, and intensity. For example, a roof located in Hamburg area (with annual precipitation total amounting to 820 mm) can retain about 60% rainwater [22] , while a green roof of the same type in Berlin (with annual rainfall total of 500 mm) will show retentiveness amounting to 75% [23] . For that reason, when the roof retention capacity is being determined, it is inadvisable to base on results obtained in other countries where different climatic conditions prevail; such data may be used only for comparative purposes.
The studies referred to herein take into account not only the green roof thickness and layered structure and their effect on water retention, but also inclination of the roof slope. German researchers [22, 24] arrived at the conclusion that inclination has no effect on the amount of rainwater retained. This is however contrary to results obtained by other scientist who analyzed roofs with different slope gradients [20, 25, 26] . VanWoert et al analyzed the effect of roof slope inclination versus the rainfall intensity. For not very intensive rains, the examined green roofs with inclination of 2 and 6.5%, retained 98 and 90% rainwater, respectively. In the case of very intense rains, however, the author did not observe any difference between retentiveness measurement results taken for the two analyzed roofs [25] . Getter et al examined 12 extensive green roofs with slopes of 2, 7, 15 and 25% in their experimental station. On the grounds of two-year observations they have arrived at the conclusion that the retention value decreases with increasing roof slope inclination [20] .
A significant portion of water falling onto a green roof surface is subject to absorption by the roof substrate and vegetation, and then by means of evaporation and transpiration it can be returned back to the atmosphere. Kolb has published results of his research work showing that 45% of total precipitation can be recycled this way [27] . Bengtsson has carried out studies on an extensive green roof established in Malmo in southern Sweden. On the grounds of the performed water balance the author concluded that the annual runoff of precipitation water from the roof in question could be reduced as a result of evaporation by as much as up to 64% [28] . Kohler obtained similar results in his own studies. Green roofs with vegetation layer 5 to 10 cm thick are capable to reduce, by means of evaporation, the total annual runoff by as much as 60÷79% [29] . In Poland's scientific centers, issues concerning green roof retentiveness evaluation remained outside the mainstream of interest. Results of studies carried out on experimental setups at the Natural University of Wroclaw for two types of roofs published in [30] proved that the average retaining capacity of the tested roof solutions amounted to about 89%. Reference [31] also presents results of research work on possibility of temporary storage of precipitation water on roofs covered with a vegetation layer. In this case, the object of investigation consisted in green roof developed on floor slabs of a multi-space car park in Wroclaw.
Simulation research studies concerning possibility to reduce rainwater runoff from green roofs were carried by Stec and Hypiak [32] . The paper presents an analysis of rainwater runoff volume from sealed roofs and green roofs with different substrate layer thickness. Simulations with the use of real-life precipitation data were carried out with the use of Storm Water Management Model program. The studies have confirmed the effect of roof layer thickness on the degree of reduction of water outflow from roof surface.
Apart from reducing the total runoff, green roofs additionally slow down the outflow of precipitation water to the sewage system which in turn can protect the system from hydraulic overloading. Depending on the roof type and design, the related delay can range from 95 min [33] to as much as 4-5 h [34, 35] . Liu, examining the effect of a green roof on rainwater runoff from the roof slope observed that the actual precipitation with intensity of 2.8 mm/h was reduced to a runoff with intensity of 0.5 mm/h [33] . Also Fioretti et al, analyzing the effect of Mediterranean climate on a green roof installed on one of the buildings at the University of Genoa in Italy, have observed a delay of water runoff from the roof ranging from 71 min to 306 min. In the course of the same research project carried out in the period September-December 2008, they have obtained results demonstrating a strong dependence of green roof retentiveness on duration of dry period preceding occurrence of precipitation. Whenever the period was shorter than 96 h, the retention capacity was less than 20%, while for rainfalls separated by less than 12 h, the precipitation water runoff reduction was close to zero [35] .
By inhibiting the runoff and reducing precipitation water volume, green roofs can mitigate unfavorable phenomena accompanying stormwater runoff from highly urbanized areas, especially urban floods and sewage system overloads. Deutsch et al have estimated that if 20% roofs of buildings in Washington were covered with vegetation, they would be capable to store annually 958 million liters rainwater on average [36] . Similarly, Peck calculated that if 6% of buildings in Toronto were provided with green roofs, they would retain the same amount of precipitation water that is currently discharged to retention channels constructed at the cost of 60 million dollars [37] .
The benefits resulting from efficient precipitation water management represent only a small portion of advantages connected with establishment of green roofs that, apart from their ecological and hydrological function, have a positive effect on the standard of living in towns through their landscape amenity and practical functions.
Numerous studies prove that green roofs can purify air by removing contaminants such as dusts [38] , sulfur dioxide [39] and nitrogen dioxide [40] . Peck and Kuhn demonstrate that one square meter of a green roof is capable to remove 0.2 kg dust from air annually [38] . Yok Tan and Sia have tested the possibility to reduce sulfur dioxide content in air by green roofs in Singapore. They report 37% reduction of concentration of the compound in direct vicinity of the examined roof [39] . Further, Clark et al have estimated that providing 20% industrial and commercial buildings in Detroit with extensive green roofs would result in removing more than 800 Mg of nitrogen dioxide annually [40] .
Installation of green roofs contribute also to a decrease of consumption of energy used for heating and cooling and thus reduce the overall electric power demand in buildings. The effect is most noticeable in the summer season. Depending on ambient temperature, heatinsulating properties of green roofs can result in a decrease of temperature inside buildings by 3÷4°C [41] . Connelly and Liu have measured heat transfer rate through a traditional roofing and a green roof. In the heatwave season, they have observed heat flow rates of 2.63 and 0.7 kW/m 2 , respectively [42] . On the other hand, tests carried out with a green roof installed on a school building in Athens have proved that the solution can significantly reduce the amount of the cool air used for air conditioning. Santamouris et al carrying out the tests observed that demand for cool air was reduced by 6 to 49% for the whole building and from 12 to 87% for the school's top floor [43] .
Additionally, roofs covered with a layer of substrate and vegetation can reduce noise. Peck and Kuhn report that a 12 cm thick green roof can reduce noise level by as much as 40 dB [38] . In turn, Dunnett and Kingsbury in their tests carried out with a 10 cm thick green roof on an airport building in Germany, have observed a 5 dB noise reduction [44] .
Another factors arguing for construction of green roofs include increasing prices of land and statutory requirements that oblige the investors to reconstruct the biologically active surface; in Poland, depending on the building type, such reconstruction should be carried out on 25÷30% of the building plot area [45] . Where a land plot is too small, introduction of vegetation onto roofs of buildings and underground car parks as well as balconies and terraces represents a favorable alternative. Such method of development of a roof can be also a good solution when construction of a new structure reduces surface of the existing green areas, raising thus the opposition among the local community [46] . Sustainable Urban Drainage Systems include also different installations for collecting and utilizing precipitation water in buildings. Such solutions not only reduce the volume of rainwater discharged from impervious areas to sewage systems, but allow also to decrease consumption of potable water. Nowadays, this is the issue of primary importance as global reserves of fresh waters permanently decrease. For this reason, alternative solutions are continuously sought after that would allow to limit exploitation of these resources by means of, among other things, collecting and utilizing rainwater. Installation of such systems in buildings is recommended by the European Commission [47] .
Systems for harvesting precipitation water and using it for car wash, watering gardens, laundry, or flushing toilets are used for many years now in countries around the world [48] [49] [50] [51] . Depending on the country, climatic conditions, and type of the building in which the rainwater utilization system is installed, reduction of demand for mains water can be as high as 60% [48] .
Rainwater can be used for flushing toilets in dwelling houses [52] [53] [54] , large sports facilities [55] , university buildings [56] or supermarkets [57] .
Ghisi and de Oliveira have carried out simulation studies on utilization of precipitation water for washing and toilet flushing in dwelling houses of southern Brazil. They analyzed two houses in which rainwater reservoirs with capacity of 3000 and 5000 dm 3 were installed. Reduction of demand for tap water in these buildings was 33.6 and 35.5%, respectively [52] . Further, Fewkes has monitored, for a period of 12 months, a system collecting rainwater in a reservoir with capacity of 2000 dm 3 and supplying water for flushing toilets in a house in Nottingham, Great Britain. Depending on the season, economies in water consumption ranged from 4 to 100% [54] . Coombes et al have analyzed 27 houses in Newcastle, Australia. They found that rainwater could satisfy about 60% of water demand in these buildings [58] . Ghisi et al have carried out a scenario analysis concerning feasibility to utilize rainwater in dwelling houses of 62 towns of southern Brazil. They have found that, depending on the potable water consumption level, precipitation water could satisfy from 34 to 92% of the demand [59] . Palla et al have carried out model studies concerning optimum effectiveness of rainwater harvesting systems in three towns located in southern, central and northern Italy respectively, selected for significant differences in annual precipitation totals. In their analyses, the authors used archive data from a period of several decades. They have performed a scenario analysis taking into account not only 3 different precipitation regimes and 3 different potable water demand levels, but also rainwater storage reservoirs with capacities ranging from 2.5 to 400 m 3 . However, rainwater utilization in their studies was limited only to flushing toilets in residential buildings [60] .
In Japan, three large sports facilities, namely Tokyo Dome, Fukuoka Dome, and Nagoya Dome were equipped with systems harvesting precipitation water used mainly for toilet flushing. In said facilities, water running off the roofs is collected in reservoirs with capacities of 1,000, 1,800 and 1,500 m 3 , respectively. Zaizen et al report that in the case of Fukuoka Dome, about 65% of demand for lower-quality water is fulfilled this way [55] . A system of the same type has been installed also at Kokugikan sports stadium in Tokyo. Rainwater from a reservoir with capacity of 750 m 3 is used not only for flushing toilets but also as a medium in the cooling water system [48] .
The Germany's largest rainwater harvesting system was constructed at the Frankfurt airport. From a roof with surface area of 26,800 m 2 , precipitation water is channeled to six tanks with capacity of 100 m 3 allowing to save 1,000,000 m 3 water annually as an average. The system is used mainly for flushing toilets and watering plants [61] . Similar rainwater utilization system installed in the Singapore airport enables to reduce the amount of water ranging from 28 to 33%, resulting in annual savings of order of 304,200 $ [61].
In Poland, systems using precipitation water for flushing toilets are still rare. Results of analyses aimed at feasibility of introducing such systems in dwelling houses were presented eg in [62, 63] .
The LCC methodology
The methodology consisting in determination of costs relating to existence of a facility as the so-called life cycle cost allows to carry out a comparative cost analysis for a determined time period with all economically important factors relating both to initial capital outlays and future operating costs taken into consideration. The method is very useful, among other things, in assessment of investment undertakings, as by comparing costs relating to different alternative solutions it is possible to select the most economic project option.
For each of the adopted precipitation water management variants and for the adopted investment duration period, LCC costs were determined from formula [63] : 
Model input data
The LCC analysis of the rainwater management system was carried out for a multi-family building with the following parameters: Calculations were performed with the use of Slys simulation model presented in details in papers [62, 63] . In the calculations, archive data on daily precipitation levels were used gathered for a period of 10 years in the town of Rzeszow located in south-eastern part of Poland. The average annual precipitation for that period amounted to 612 mm. For the purpose of LCC analysis, a 30-years long life cycle of the facility was assumed and a fixed discount rate r = 0.05 [63] .
Variant I -Discharging precipitation water from building roof to the sewage system
In Variant I it was assumed that precipitation water from roof will be discharged in full to the existing sewage system. The average coefficient of runoff from the roof slope ψ = 0.8 was adopted for calculations.
In view of the fact that the investment cost analysis is focused on the point of view of the building user who does not incur financial outlays for development of sewerage network, the LCC analysis accounts in this case only for operating costs including fees for discharging precipitation water to sewage system. Amount of the fee was determined in accordance with guidelines set out in the Ordinance of the Minister of Building Industry on determination of tariffs, template of application for tariff approval and conditions of settlements on account of water supply and collective sewage disposal [64] . According to the regulation, the fee charged for precipitation water disposal is calculated as the product of area of the surface from which water is discharged and the rate established for a given group of entities for 1 m 2 of contaminated or paved surface or, where a measuring instrument is installed, the product of measured runoff volume and the rate established for a given group of entities for 1 m 3 of the measured rainwater volume. The charging system is therefore similar to the methods adopted in other countries.
For the analyzed building, the fee rate amounting to 0.25 € per year and square meter of the roof surface area was adopted.
Variant II -Retention of precipitation water on a green roof
In Variant II, traditional roofing of the building is replaced with an extensive green roof with 10 cm thick substrate layer and vegetation of the stonecrop type. Extensive green roofs, in view of their low investment and operating costs, are used more frequently than intensive ones. In Germany, the country acknowledged as the most advances in the green roof technology, more than 80% of the systems installed are extensive ones [65] . In the year 2005, 14% of surface area of all flat roofs in Germany was covered with vegetation [66] .
It was assumed that the roof analyzed in Variant II had slope inclination of 2% and the structure of layers as shown in Figure 1 . In the LCC analysis, the green roof construction cost (Table 1 ) was adopted according to the layered design presented in Figure 1 .
The investment outlays do not include costs related to construction of a top floor ceiling with increased carrying capacity. This follows from the fact that the roof adopted for the analysis is a lightweight solution and for a building with surface area of 455 m 2 any reinforcement of its structure is not necessary.
Maintenance of extensive roofs, after a period of acclimatization, is relatively easy. With the use of xerophilous vegetation such as stonecrops, sengreens or some mosses, the plants require little water. For that reason, on the grounds of analyses carried out for actually constructed and operated extensive green roofs, operating costs at the level of 0.23 €/m 2 /yr were adopted. Apart from that, the cost was taken into account related to disposal of the excess rainwater impossible to store on the roof after reaching a maximum watering level. The quantity was calculated in a simulation model based on precipitation data for the period of 10 years. The average volume of rainwater discharged to sewage system was 16.31 m 3 /yr. The costs related to discharging precipitation water was assumed as amounting to 0.68 €/m 3 .
Variant III -Utilization of precipitation water for flushing toilets in the building
In Variant III subject to the analysis, precipitation water will be channeled from roof to a reservoir installed in basement. Its volume, V zb = 22.5 m 3 , was determined based on demand of water for flushing toilets. The related water consumption was assessed as amounting on average to 30% of the whole water demand in a dwelling house [68, 69] .
From the reservoir, water will be supplied to toilet bowls by means of a pumping system. In the case of the amount of water stored in the rainwater reservoir being insufficient, the tank will be supplied with tap water.
Results
In each of the variants, the amount of 5,114 € was taken into account in the investment outlays representing the cost of construction of internal piping system supplying water for flushing toilets. Apart from this cost, investment outlays in Variant II include also the costs of construction of the extensive green roof (12,044 €), and in Variant III -the cost of the utility system utilizing precipitation water. Capital costs of this variant determined in the investment cost estimate amount to 16,990 €.
Further, operating costs specific for each of the variants included the tap water purchase cost and fees for discharging wastewater to the sewage system. The following figures were used for calculations: On the other hand, operating costs for Variant III include the price of electric energy used for pumping water to recipients from the rainwater storage reservoir (c e = 0.13 €/kWh).
Results of the LCC analysis are presented in Table 2 .
Conclusions
The LCC analysis carried out for different rainwater management variant applied in a multi-family dwelling building allows to formulate the following conclusions:
• The less LCC was obtained for the variant in which precipitation water from the roof is discharged directly to the sewage system. This follows from the fact that this variant does not require additional investment outlays incurred in Variants II and III. However, operating costs are highest in this case.
• Implementation of Variants II and III in the building in question is not profitable at the moment, therefore non-financial criteria must argue for these solutions, such as eg environment protection aspects. Operational costs are only slightly lower that those in Variant I to a degree not compensating the incurred capital costs.
• Implementation of the system providing for commercial utilization of rainwater in the analyzed building is the most expensive, and economies resulting from replacing tap water with rainwater are small and have no effect on the overall profitability of the investment.
• From the point of view of environmental criteria, utilization of precipitation water in Variants II and III reduces the amount of water disposed to the sewage system and has a positive effect on the receiving water, ie typically surface waters. Moreover, green roofs absorb carbon dioxide, generate oxygen, and intercept dust and other pollutants.
• Variant II can additionally improve the overall economics of the building. Green roofs, thanks to their thermal insulation properties, have positive effect on microclimate inside the building. In summer they prevent overheating, reducing heat losses in cold seasons, thus contributing to reduction of energy consumption for heating and air conditioning. Further, according to numerous studies, green roofs are up to two times more durable than those covered with traditional roofing materials.
